Objective-Vascular calcification is a major risk factor for rupture of atherosclerotic plaques. High expression of BMP2 (bone morphogenetic protein 2) in lesions suggests its importance in vascular calcification during atherosclerosis. Teniposide is a Topo II (DNA topoisomerase II) inhibitor and is used for cancer treatment. Previously, we reported that teniposide activated macrophage ABCA1 (ATP-binding cassette transporter A1) expression and free cholesterol efflux indicating Topo II inhibitors may demonstrate antiatherogenic properties. Herein, we investigated the effects of teniposide on the development of atherosclerosis and vascular calcification in apoE −/− (apoE deficient) mice.
A therosclerosis is one of the underlying causes of coronary heart disease. The presence of necrotic cores, thin fibrous cap, intraplaque hemorrhage, and plaque calcification in atherosclerotic lesions is the major risk factor for the rupture of advanced atherosclerotic plaques and the consequent sudden cardiovascular events. 1 Although it was considered as a passive degenerative process associated with aging, vascular calcification is now recognized as an actively regulated process, which is initiated and regulated by osteoblast-like cells. 2 Indeed, the vasculature is the second most calcified tissue after the skeleton, indicating a tight link between bone and vasculature or the presence of a bone-vascular axis, which means that the vasculature system supports musculoskeletal functions, whereas the bone-derived cell types and endocrine/ paracrine influence the pathophysiology of vascular system. 3 Osteoblast-like cells in calcified plaques are considered derived from vascular smooth muscle cells (VSMCs). Several molecules are involved in regulation of vascular osteoblastic differentiation or calcification. For instance, BMP2 (bone morphogenetic protein 2) is a member of the TGF-β (transforming growth factor-β) superfamily and functions as a potent factor driving osteoblastic differentiation. BMP2 is also highly expressed in calcified atherosclerotic plaques of human vessels indicating it is a main mediator for vascular calcification. 4 After homodimerization and binding to its receptor, BMP2 activates Smad1/5/8 (mothers against decapentaplegic homolog 1, 5, and 8) phosphorylation. 5, 6 Subsequently, phosphorylated Smad1/5/8 (pi-Smad1/5/8) induces expression of transcription factors for osteoblastic differentiation, such as Msh homeobox 2, RUNX2 (runt-related transcription factor 2) or Cbfa1 (core-binding factor subunit alpha-1), and osterix. 7 Deficiency of RUNX2 expression causes dysfunction of osteoblasts to produce hypertrophic cartilage or mineralized bone. Therefore, the mice with a homozygous mutation of RUNX2 die just after birth because they cannot breathe. 8 In humans, RUNX2 mutations result in an autosomal dominant condition of cleidocranial dysplasia, with a phenotype that is characterized as hypoplasia/aplasia of clavicles, patent fontanelles, supernumerary teeth, and short stature. 9 The VSMC-specific deficiency of RUNX2 expression inhibits vascular calcification. 10 Therefore, RUNX2 can serve as an early and definitive marker of osteoblastic differentiation, bone formation, and initiation of vascular calcification.
Alkaline phosphatase (ALP) is a homodimeric enzyme. It catalyzes the dephosphorylation best under alkaline pH environments. ALP is also a functional phenotypic marker of osteoblasts. ALP modulates vascular calcification by decreasing production of inorganic pyrophosphate-a potent inhibitor of vascular calcification. 11 Topo II (DNA topoisomerases IIA and IIB) is an ubiquitous and essential enzyme involved in many biological processes, including replication, transcription, recombination, DNA repair, and chromatin remodeling. 12 Topo II resolves DNA entanglements through a reversible double-strand DNA break, thereby regulating structures of DNA/chromosomes and related cellular functions. 13, 14 However, abnormal high Topo II activity can be detected in tumors implying the inhibition of Topo II is a therapeutic strategy for cancer treatment. Indeed, several Topo II inhibitors, such as etoposide and teniposide, have been used to treat various cancers for many years. 15 In addition, Topo II inhibitors may have important biological functions in other fields. The long-term etoposide treatment ameliorates atherosclerosis in high-cholesterol diet-fed rabbits. 16, 17 Our previous study shows that etoposide or teniposide activates macrophage ATP-binding cassette transporter expression and cholesterol efflux-an important mechanism inhibiting foam cell formation and atherosclerosis. 18 In addition, administration of teniposide to CETP (cholesteryl ester transfer protein) transgenic mice (humans but not mice express CETP naturally) improves cholesterol metabolism by activating CETP expression. 19 However, if teniposide can reduce atherosclerosis in apoE −/− (apoE deficient) mice and the underlying mechanisms, particularly the effect on vascular calcification, remain unknown.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Cell Culture
Human aortic smooth muscle cells (HASMCs) were cultured in a mixture of DMEM and Ham F-12 medium (1:1) containing 10% fetal bovine serum, 50 μg/mL penicillin, and 50 μg/mL streptomycin. Cells <8 passages were used for experiments.
In Vivo Studies
The protocol for animal studies was approved by the Animal Ethics Committee of Nankai University and conforms to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health. Animal studies were reported in compliance with the ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines. 20 Although the high-fat diet (HFD) feeding may induce larger aortic root lesion areas in female apoE −/− mice than males, no study indicates that teniposide treatment can cause different consequences between male or female patients. Therefore, based on the feasibility of the study, we used a minimal number of female apoE −/− mice to complete in vivo experiments in this study. The mice (females, ≈8 weeks old) in 3 groups (15 per group) received the following treatment: group 1 (control), HFD (21% fat plus 0.5% cholesterol; Mediscience, Ltd, Jiangsu, China; Cat No. MD12015A) for 16 weeks; group 2 (prevention group), HFD containing teniposide (0.5 mg/d per kg bodyweight) for 16 weeks; and group 3 (treatment group), HFD for 12 weeks followed by HFD containing teniposide (0.5 mg/d per kg bodyweight) for another 4 weeks. All mice were euthanatized by an overdose of 2,2,2-tribromoethanol (640 mg/kg, IP injection), followed by collection of aortas, blood, and distal femur samples individually. Serum samples were prepared to determine levels of total cholesterol, HDL (high-density lipoprotein) cholesterol, LDL (low-density lipoprotein) cholesterol (LDL-C), and triglycerides and activities of alanine aminotransferase, aspartate aminotransferase, and ALP. Distal femur was used to detect bone mass by microCT (PerkinElmer, Waltham, MA).
Oil Red O, Verhoeff-van Gieson, and Picrosirius Red Staining
Atherosclerotic lesions in en face aorta and sinus lesions in cross section of aortic root were calculated according to the guidelines for experimental atherosclerosis studies described in the American Heart Association statement. 21 Aortas were collected and used to determine en face lesions or to prepare 5-μm frozen sections of aortic root for sinus lesion determination, using Oil Red O staining. 22 The en face or sinus lesions were quantified by 2 individuals who were 
Determination of Vascular Calcification in Aortas and HASMCs
To induce vascular calcification ex vivo, apoE −/− mice (≈8 weeks old) fed normal chow were euthanized for aortic ring preparation as follows: the thoracic aortas were obtained, and the adjacent tissues were carefully removed under a dissecting microscope. The aortas were then cut into 5-mm long each and cultured in complete DMEM/Ham F-12 medium or the medium added with 10 mmol/L β-glycerolphosphate disodium salt and 250 μmol/L ascorbic acid (this medium was named as calcification medium [CM] ) to induce calcification for 1 week. During the process of calcification, the medium was changed once another day. HASMCs at ≈90% confluence in 24-well plates were induced calcification using the CM above or the complete DMEM/Ham F-12 medium added with Na 2 HPO 4 /NaH 2 PO 4 (1:2) at the indicated concentrations, for the indicated times. Aortic rings or HASMCs were then fixed in 4% paraformaldehyde/PBS overnight, and the rings were used to prepare 5-μm frozen sections. Calcification formed in sections of aortic root, aortic rings, or HASMCs was determined by Alizarin Red S staining. Briefly, sections were washed twice with PBS and then incubated in 1% Alizarin Red S (pH 4.2) solution for 30 minutes at room temperature. After rinsed twice with PBS, sections were visualized and photographed under a light microscope.
To quantitatively analyze calcium content in aortas or HASMCs, samples were homogenized in 0.1 mmol/L HCl. A portation of homogenate was used to determine calcium content using the Calcium LiquiColor kit (Biovision, Inc, San Francisco, CA). The rest of homogenate was determined the dry weight of aortas or protein content of HASMCs. Calcium content in aortas or HASMCs was expressed as μg/mg aortic dry weight or μg/mg cellular protein.
Determination of Protein or mRNA Expression
After treatment, total cellular proteins were extracted from HASMCs for determination of BMP2, RUNX2, ALP, Smad1/5/8, pi-Smad1/5/8, Smad2/3, pi-Smad2/3, and p53 expression by Western blot. 25 Nuclear proteins were extracted using a kit purchased from Beyotime Biotechnology (Shanghai, China) and used to determine nuclear RUNX2 expression. Expression of SMA (smooth muscle α-actin), MOMA2 (monocyte/macrophage marker 2), ALP, BMP2, RUNX2, Smad1/5/8, and pi-Smad1/5/8 in aortic root cross sections or BMP2 and p53 in aortic ring cross sections was determined by immunofluorescent staining with quantification of the fluorescent intensity of images, using the method of segmentation color-threshold analysis and morphometry software (IP Laboratory, Rockville, MD). 26 Expression of ALP, BMP2, RUNX2, and p53 mRNA in HASMCs was determined by quantitative real-time polymerase chain reaction (qRT-PCR) 22 with total RNA extracted from cells and the primers listed in Table I in the online-only Data Supplement and normalized by GAPDH mRNA in the corresponding samples.
Inhibition of BMP2 and p53 Expression by siRNA
The siRNAs against human BMP2, p53, and scrambled siRNA were purchased from Santa Cruz Biotechnology (Dallas, TX). HASMCs in 6-well plates (for Western blot and qRT-PCR) or 24-well plates (for Alizarin Red S staining) were transfected with siRNA using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Grand Island, NE). After 24 hours of transfection, cells were switched to complete medium or CM to process calcification followed by determination of protein or mRNA expression by Western blot or qRT-PCR and of cellular calcium content by Alizarin red S staining.
Preparation of p53 Expression Vector and Transfection
The cDNA encoding human p53 was generated using RT-PCR with total RNA extracted from HASMCs and the following primers: 5′-ATGCTCGAGCATGGAGGAGCCGCAGT-3′ (forward) and 5′-AGCAAGCTTTCAGTCTGAGTCAGGC-3′ (backward). After digestion, the RT-PCR product was subcloned into pEGFP-C2 expression vector, and the plasmid was named as C2-p53 after the sequence was confirmed. HASMCs at ≈80% confluence were transfected with C2-p53 or empty vector using Lipofectamine 2000 Transfection Reagent for 24 hours followed by process of calcification and corresponding assays.
Determination of the BMP2 3′UTR Luciferase Reporter Activity
The BMP2 3′UTR region (from +1977 to +3153) containing miRNAregulatory elements (MREs) of miR-203-3p was generated by RT-PCR with total RNA extracted from HASMCs, forward primer (5′-TGCACTCGAGTACAGCAAAATTAAATACATAAATA-3′) and backward primer (5′-ATTAGCGGCCGCCTCTTACAGGTT GGACTTTATAGAA-3′). The BMP2 3′UTR region (from +1977 to +3065) without miR-203-3p MREs was generated similarly with the same forward primer and a different backward primer (5′-AT TAGC GG CCGC CTT G GAA A GAAAAG CA AGCTGATAG-3′). After digestion, the polymerase chain reaction product was subcloned into psiCHECK-2 vector with sequence confirmed. The luciferase reporters were named as pBMP2 3′UTR and pBMP2 3′UTR-del, respectively.
293T cells in 48-well plates were transfected with pBMP2 3′UTR or pBMP2 3′UTR-del. The cells were also cotransfected with mimic or antagomir negative control, miR-203-3p mimic or miR-203-3p antagomir. After 24 hours of transfection, cells were lyzed, and cellular lysate was used to determine Firefly and Renilla luciferase activity using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI). The Renilla luciferase activity was normalized by the Firefly luciferase activity in the corresponding samples.
Data Analysis
All experiments were repeated at least 3 times, and the representative results are presented. All values are expressed as means±SEM. After capture, the intensity of each image was quantified by who was blinded to the treatments with segmentation color-threshold analysis using morphometry software (IP Laboratory, Scanalytics, Rockville, MD). The raw data were initially conducted analysis of normal distribution using Shapiro-Wilk method followed by Levene test for homogeneity of the variances. ANOVA with subsequent least significant difference test was used to determine the significant difference in multiple comparisons (SPSS 16.0, IBM) on the data in normal distribution. The difference was considered significant if P was <0.05.
Results

Teniposide Reduces Atherosclerosis in apoE −/− Mice
ApoE −/− mice were randomly divided into 3 groups and received the treatment as indicated in Figure 1A . During the treatment, we routinely checked food intake, water consumption, and bodyweight gain. We observed no differences between the control group and the groups receiving teniposide treatment. Table II in the online-only Data Supplement shows that teniposide had little effect on total cholesterol or LDL-C levels suggesting the reduction of lesions is unrelated to lipid metabolism. In addition, teniposide did not influence ALP or transaminases activity and liver weight (Table II in the online-only Data Supplement) indicating no adverse effect occurs to the liver.
Next, we determined the effect of teniposide on collagen content and necrotic areas in cross sections of aortic root using Picrosirius Red and Verhoeff-van Gieson staining. Figure 1E shows that teniposide substantially increased collagen content in lesion areas (≈2.8-fold), whereas it reduced the area of necrotic cores (≈50%). Moreover, teniposide markedly increased the thickness of fibrous caps (≈2.5-fold). ; n=15 ). E, Collagen content in arterial wall was determined by Verhoeff-van Gieson (VVG) and Picrosirius Red staining. Black and blue dash lines indicate necrotic cores and fibrous caps in lesion areas, respectively. Based on the images, collagen positive area, necrotic core area, and fibrous cap thickness were determined, respectively. *P<0.05 vs Ctrl (n=15). F, Smooth muscle cell and macrophage content in lesion areas was determined by immunofluorescence staining with anti-SMA (smooth muscle α-actin) and MOMA2 (monocyte/macrophage marker 2) antibodies, respectively, with quantitative analysis of SMA-or MOMA2-positive area. *P<0.05 vs Ctrl (n=6). Prev indicates prevention; and Treat, treatment.
We further determined the effect of teniposide on cell composition, particularly smooth muscle cells (SMCs) and macrophages, in lesion areas. The results of immunofluorescent staining on aortic root cross sections with anti-SMA (the marker for VSMCs) and anti-MOMA2 antibodies demonstrate that SMA expression was significantly increased, especially in the fibrous caps, by teniposide ( Figure 1F ). Meanwhile, MOMA2 expression was substantially reduced ( Figure 1F ). These results suggest that teniposide reduces atherosclerosis, which is associated with reduced foam cell accumulation and increased SMCs in arterial wall.
Teniposide Reduces Aortic Vascular Calcification but Has No Effect on Bone Structure
The development of calcification in lesions is associated with plaque vulnerability. 27 To determine whether the reduction of atherosclerosis by teniposide is related to regulation of vascular calcification, aortic root cross sections were conducted by Alizarin red S staining. As shown in Figure 2A , a big severe and many small calcified red regions were determined in lesion area of control mice. In addition, clear calcification formed in aortic valve of control mice. In contrast, the calcification in both aortic lesion area and valve was substantially Figure 2 . Teniposide reduces atherosclerotic calcification without affecting bone structure. A, Aortic root plaque calcification was determined by Alizarin Red S staining. Black and blue dash lines indicate arterial wall and aortic valve. Black solid and open arrowheads indicate severe and small calcium deposition in arterial wall; green arrowheads indicate calcium deposition in valve. B, Total calcium extracted from whole aorta was determined using the calcium assay kit. **P<0.01 vs control (Ctrl; n=15). C, Expression of RUNX2 (runt-related transcription factor 2) and alkaline phosphatase (ALP) in lesion area was determined by immunofluorescent staining followed by quantifying fluorescent intensity in images. White arrows in inserted figures indicate nuclear RUNX2. MFI: mean of fluorescent intensity. *P<0.05 vs Ctrl (n=6). D, The distal femur collected from mice in Figure 1 was scanned for assessment of bone mass by microCT. The representative images of bone cross sections were presented. E-G, The bone density (bone volume/tissue volume [BV/TV]; E), trabecular number (Tb.N; F), and trabecular separation (Tb.Sp; G) were determined based on the images in Figure 2D . Nonsignificant (ns; n=6). Prev indicates prevention; and Treat, treatment.
reduced by teniposide in groups of prevention and treatment. The quantitative assay of calcium content in whole aortas ( Figure 2B ) also confirms that teniposide reduced vascular calcium deposition.
To further confirm the reduction of vascular calcification by teniposide, thoracic aortas were collected from apoE −/− mice to prepare aortic rings. The rings were then cultured in CM or CM plus teniposide treatment. The calcification formed in aortic rings was assessed by both von-Kossa and Alizarin red S staining. Figure IA in the online-only Data Supplement shows CM increased calcification area in aortic rings, which was reduced by teniposide in a concentration-dependent manner.
Although teniposide slightly reduced serum ALP activity, it clearly inhibited ALP expression in lesion areas, particularly in the prevention group ( Figure 2C, top) . Furthermore, expression of RUNX2-the transcription factor controlling calcification-was reduced by teniposide with a greater effect in the prevention group ( Figure 2C, bottom) . Moreover, nuclear RUNX2 was also substantially reduced indicating teniposide can inhibit RUNX2 nuclear translocation ( Figure 2C , inserted figures).
Clinically, the bone mineral density is inversely correlated to aortic calcification. 28 Teniposide reduced calcification, ALP, and RUNX2 expression (Figure 2A through 2C ) in the vasculature. However, it had little effect on bone structure. The results of microCT analysis ( Figure 2D ) reveal similar bone mass at the cancellous region of the distal femur among the different groups. The ratio of bone volume to tissue volume, trabecular number, and trabecular spacing were not changed either ( Figure 2E through 2G) .
Teniposide Inhibits HASMC Calcification
The vascular calcification mainly occurs to VSMCs. 29 We completed a series of experiments with HASMCs to investigate the actions and the underlying mechanisms of teniposide on vascular calcification in detail. The results of Alizarin red S staining in Figure 3A show that CM caused severe calcium accumulation in cells, which was clearly blocked by teniposide. In addition, HASMC calcification induced by inorganic phosphate was also attenuated by teniposide ( Figure 3C ). The quantification of cellular calcium content confirms the inhibitory effect of teniposide on calcification induced by CM or inorganic phosphate ( Figure 3B and 3D) .
To determine the effect of teniposide on HASMC calcification at the molecular level, we initially treated cells cultured in normal medium with teniposide or etoposide and determined ALP and RUNX2 expression. Figure 3E shows that either teniposide or etoposide reduced ALP and RUNX2 protein expression in a concentration-dependent manner, which was associated with reduction of ALP and RUNX2 mRNA expression ( Figure 3F) .
Next, we determined whether Topo II inhibitors can reduce calcification condition-induced ALP and RUNX2 expression. Associated with induction of calcification in HASMCs ( Figure 3A, middle) , CM increased ALP and RUNX2 protein expression. However, either teniposide or etoposide reduced the induction in a dose-dependent manner ( Figure 3G ). Calcification-induced ALP and RUNX2 mRNA expression was also blocked by teniposide ( Figure 3H ). In addition, immunofluorescent staining and Western blot demonstrate that CM induced RUNX2 nuclear translocation in HASMCs, whereas the presence of Topo II inhibitors reduced it ( Figure 3I ; Figure II in the online-only Data Supplement). Inorganic phosphate added in culture medium also enhanced ALP and RUNX2 protein expression, and the induction was blocked by teniposide either ( Figure 3J) .
The results above demonstrate that teniposide inhibits vascular calcification by inhibiting ALP and RUNX2 expression and RUNX2 nuclear translocation. However, calcification had little effect on HASMC viability. The short term of teniposide treatment did not change viability of HASMCs cultured in normal medium, whereas the long term of teniposide treatment had no effect on viability of HASMCs cultured in CM either ( Figure IIIA 
Teniposide Exerts Anticalcification Functions by Inactivating BMP2 Signaling Pathway
Activation of TGF-β or Wnt pathway can be involved in CM-induced VSMC calcification by activating Smad2/3 phosphorylation (pi-Smad2/3) or β-catenin expression. 30, 31 However, either teniposide or etoposide slightly increased pi-Smad2/3 or β-catenin levels ( Figure 4A ), which is opposite to the actions of Topo II inhibitors on vascular calcification. Therefore, the anticalcification function of Topo II inhibitors is independent of TGFβ or Wnt pathway.
BMP2 is another signal pathway regulating vascular calcification. In contrast to TGF-β or Wnt, Figure 4B shows teniposide-or etoposide-reduced BMP2 expression in HASMCs cultured in normal medium in a dose-dependent manner. Correspondingly, pi-Smad1/5/8-the target of BMP2-was reduced in a similar pattern, whereas Smad1/5/8 expression was not affected. Therefore, inactivation of BMP2 should be the major pathway involved in Topo II inhibitor-reduced vascular calcification. Indeed, under the calcification condition, both BMP2 and pi-Smad1/5/8 were increased (lane 2 versus1; Figure 4C ). However, teniposide or etoposide decreased CM-induced BMP2 and pi-Smad1/5/8 in HASMCs, particularly pi-Smad1/5/8 ( Figure 4C ). The activated BMP2 mRNA expression by CM was also blocked by teniposide ( Figure 4D) . Similarly, the inorganic phosphate added in culture medium also increased BMP2 and pi-Smad1/5/8, which was totally blocked by teniposide ( Figure IVA in the onlineonly Data Supplement). October 2018
To further confirm the involvement of BMP2 in teniposide-inhibited HASMC calcification, HASMCs were transfected with BMP2 siRNA followed by induction of calcification in the presence of teniposide. Compared with control siRNA, inhibition of BMP2 expression by siRNA substantially reduced pi-Smad1/5/8. Meanwhile, expression of RUNX2-the downstream molecule of BMP2 pathwaywas also moderately reduced (lane 4 versus 1; Figure 4E ). In control siRNA-transfected cells, CM activated expression of BMP2, pi-Smad1/5/8, RUNX2, and ALP (lane 2 versus 1; Figure 4E ), whereas the activation was blocked by teniposide (lane 3 versus 2; Figure 4E ). However, reduced BMP2 expression by BMP2 siRNA impaired the induction of BMP2, pi-Smad1/5/8, RUNX2, and ALP expression (lane 5 versus 4; Figure 4E ) by CM and attenuated the effect of teniposide on expression of these molecules (lane 6 versus 5; Figure 4E ).
In vivo, teniposide inhibited BMP2 expression in the arterial wall ( Figure 4F ). Consequently, teniposide reduced expression and phosphorylation of Smad1/5/8 in lesion areas with a greater effect on pi-Smad1/5/8 ( Figure 4G) . Similarly, the results of ex vivo study demonstrate that CM activated BMP2 expression in aortic rings, whereas the induction was reduced by teniposide in a dose-dependent manner ( Figure IB in the online-only Data Supplement, top). Therefore, these results suggest that inhibition of vascular calcification by teniposide is mainly completed by inactivating BMP2-(piSmad1/5/8) pathway. 
Teniposide Activates p53 Expression to Inactivate BMP2 Pathway
Teniposide can increase p53 expression by enhancing the protein stability and phosphorylation. 32 To determine the role of p53 in teniposide-inactivated BMP2 pathway and vascular calcification, HASMCs cultured in normal medium were treated with teniposide or etoposide. p53 expression in HASMCs was greatly increased by both in a dose-dependent manner ( Figure 5A ). Interestingly, p53 expression was inhibited during HASMC calcification, which was reversed by Topo II inhibitors ( Figure 5B ; Figure also demonstrate that CM slightly reduced p53 expression, whereas teniposide activated it in aortic rings in a dose-dependent manner ( Figure IB in the online-only Data Supplement, bottom).
Similar to normal HASMCs, teniposide induced p53 expression in control siRNA-transfected HASMCs, which was associated with reduced BMP2 and pi-Smad1/5/8 expression ( Figure 5C, left half) . In contrast, inhibition of p53 expression by p53 siRNA activated BMP2 expression and pi-Smad1/5/8 while attenuating the inhibitory effects of teniposide on both ( Figure 5C, right half) . Similarly, associated with inhibition of BMP2 mRNA expression, teniposide activated p53 mRNA expression. In contrast, inhibition of p53 expression by p53 siRNA activated BMP2 mRNA expression but impaired the effect of teniposide on BMP2 mRNA expression ( Figure 5D ). Collectively, these data suggest that inhibition of BMP2 pathway by Topo II inhibitors is mediated by activating p53 expression.
Functionally, in control siRNA-transfected cells, CM-induced calcium accumulation is associated with increased ALP, RUNX2, BMP2, and pi-Smad1/5/8 expression. However, the induction was blocked by teniposide, which is associated with activation of p53 expression (Figure 5E , top; Figure 5F , left half). In contrast, inhibition of p53 expression by siRNA induced cellular calcium accumulation in cells cultured in normal medium, and the induction was further enhanced when p53 siRNA-transfected cells were cultured in CM. In addition, the effect of teniposide on calcification was attenuated in p53 siRNA-transfected cells ( Figure 5E , bottom). p53 siRNA also substantially increased ALP, RUNX2, BMP2, and pi-Smad1/5/8 expression and impaired induction or inhibition of these molecules by CM or teniposide ( Figure 5F , right half). Similarly, Figure 5G demonstrates that in control siRNA-transfected cells, expression of BMP2, RUNX2, or ALP mRNA was induced while p53 mRNA expression was inhibited by CM. However, the induction or inhibition was blocked by teniposide. In the cells transfected with p53 siRNA, expression of BMP2, RUNX2, and ALP mRNA was activated, whereas the effect of CM or teniposide on mRNA expression of these genes was impaired ( Figure 5G) .
Reciprocally, when HASMCs were transfected with p53 expression vector, CM was not able to induce cellular calcium accumulation ( Figure 5H ). Correspondingly, high-expressing p53 reduced the basal levels of ALP, RUNX2, BMP2, and pi-Smad1/5/8 (lane 4 versus 1; Figure 5I ). More importantly, it blocked CM-induced ALP, RUNX2, BMP2, and pi-Smad1/5/8 expression (lane 5 versus 2 or 4; Figure 5I ) and reduced the effect of teniposide on these molecules (lane 5 versus 6; Figure 5I ). Expression of BMP2, RUNX2, and ALP mRNA was correspondingly regulated that high-expressing p53 reduced BMP2, RUNX2, and ALP mRNA expression and attenuated the activation or inhibition of these genes mRNA expression by CM or teniposide ( Figure 5J ).
Activated miR-203-3p by Teniposide Functions as a Link Between Activation of p53 Expression and Inhibition of BMP2 Expression
Topo II inhibitors activated HASMC p53 expression ( Figure 5A and 5B). p53 can enhance the maturation of several microRNAs, including miR-203-3p. More interestingly, miR-203-3p has been reported to inhibit osteoblast differentiation. [33] [34] [35] Thus, we reasoned that activation of miR-203-3p expression can be a link between activation of p53 expression and inhibition of BMP2 expression in response to teniposide treatment. HASMCs were treated with teniposide or transfected with p53 expression vector. Similar to p53, teniposide also activated miR-203-3p expression in HASMCs ( Figure 6A ; Figure IVB in the online-only Data Supplement).
By completing a sequence alignment assay, we identified 2 miR-203-3p MREs in BMP2 3′UTR, which are highly conserved among the different species (Figure 6B, top) . We constructed 2 human BMP2 3′UTR luciferase reporters; one includes these 2 MREs (from +1977 to +3153, pBMP2 3′UTR) and another one does not (from +1977 to +3065, pBMP2 3′UTR-del; Figure 6B , bottom). As expected, pBMP2 3′UTR luciferase reporter activity was reduced by miR-203-3p mimic but activated by miR-203-3p antagomir. However, deletion of these 2 MREs increased the basal activity of pBMP2 3′UTR-del luciferase reporter while disabling the effect of miR-203-3p mimic on it ( Figure 6C ). Correspondingly, miR-203-3p mimic reduced calcification induced while blunting the effect of teniposide on BMP2 mRNA expression ( Figure 6D ).
Next, HASMCs were transfected with mimic negative control (miRCon) or miR-203-3p mimic, followed by culture in CM or plus teniposide treatment. In miRCon-transfected cells, CM increased BMP2 and pi-Smad1/5/8 expression, which was associated with induction of ALP and RUNX2 expression. However, the activation of these molecules was blocked by teniposide ( Figure 6E and 6F, top) . In contrast, transfection of HASMCs with miR-203-3p mimic attenuated while with miR-203-3p antagomir enhanced CM-activated BMP2 and pi-Smad1/5/8 expression ( Figure 6E ). Expression of ALP and RNUX2 was similarly regulated by the mimics ( Figure 6F ). However, teniposide had no effect on expression of BMP2, ALP, RUNX2, and pi-Smad1/5/8 in the cells transfected with miR-203-3p mimic or miR-203-3p antagomir ( Figure 6E and 6F) , which is because of that endogenous miR-203-3p expression is no longer regulated.
Functionally, miR-203-3p mimic reduced while miR-203-3p antagomir enhanced calcium accumulation. Teniposide blocked calcium accumulation in cells transfected with negative control mimic or antagomir, but it had little effect on cells transfected with miR-203-3p mimic or antagomir ( Figure 6G ). Taken together, Figure 6 demonstrates that activated miR-203-3p by teniposide functions as a link between activated p53 and inhibited BMP2, and this link is important for teniposide-inhibited vascular calcification.
Discussion
It has been reported that etoposide or etoposide associated with cholesterol-rich nanoemulsions (LDE-etoposide) inhibits atherosclerosis in cholesterol diet-fed rabbits. 16, 17 The inhibition is associated with reduction of formation of SMC-derived foam cells and expression of inflammatory cytokines, such as IL-1β (interleukin-1β) and TNF-α (tumor necrosis factor-α), in the arterial wall. However, expression of lipoprotein receptors for cholesterol metabolism, such as LDL receptor and scavenger receptor type BI, is also reduced. LDE-etoposide also increases levels of serum triglyceride and total cholesterol levels but not of HDL-cholesterol in rabbits, which indicates that LDL-C or/ and VLDL-C (very low-density lipoprotein cholesterol) levels are increased. 17 However, the hypercholesterolemic effects of LDE-etoposide should be attributed to LDE, not to etoposide, based on the fact that LDE is a lipid mixture, which is rich in cholesteryl ester and cholesterol. Consistently, in our study, teniposide had no effect on serum total cholesterol or LDL-C levels in apoE −/− mice (Table II in the online-only Data Supplement) suggesting that Topo II inhibitors are not able to ameliorate hypercholesterolemia. In contrast, teniposide or etoposide increases macrophage ABCA1 (ATP-binding cassette transporter A1) or ABCG1 (ATP-binding cassette transporter G1) expression to enhance cellular cholesterol efflux, thereby activating reverse cholesterol transport. 18 Accumulation of cholesterol/lipids in SMCs can also induce foam cell formation The human BMP2 3′UTR containing 2 miR-203-3p miRNA-regulatory elements (MREs; from +1977 to +3153) or not (from +1977 to +3065) was subcloned into the psiCHECK-2 vector, and the luciferase reporters were named as pBMP2 3′UTR or pBMP2 3′UTR-del. C, 293T cells were transfected with pBMP2 3′UTR plus the indicated miRNA mimic or antagomir or with pBMP2 3′UTR-del plus the indicated miRNA mimic for 24 h. Activity of luciferase reporter was determined using the dual-luciferase reporter system. *P<0.05, nonsignificant (ns; n=5). D, HASMCs were transfected with miRCon or miR-203-3p mimic followed by process of calcification in the presence of Teni as indicated for 7 d. E-G, HASMCs were transfected with miR-203-3p mimic or antagomir for 24 h, followed by the process of calcification in the presence of Teni (1 nmol/L) for 7 d. Expression of miR-203-3p and BMP2 mRNA (A and D) was determined by quantitative real-time polymerase chain reaction. *P<0.05. ns (n=5). Expression of BMP2, pi-Smad1/5/8 (mothers against decapentaplegic homolog 1, 5, and 8; E), alkaline phosphatase (ALP), and RUNX2 (runt-related transcription factor 2; F) was determined by Western blot. *P<0.05 vs lane 1; #P<0.05 vs lane 2 (E and F; n=3). The calcium accumulation in cells was determined by Alizarin Red S staining (G).
and makes substantial contribution to atherosclerosis. In this study, we observed ABCA1 expression is at a comparable level between 264.7 RAW macrophages and HASMCs while less ABCG1 expression in HASMCs than macrophages. However, expression of both ABCA1 and ABCG1 protein and mRNA was activated by teniposide and etoposide. Consequently, cholesterol efflux from HASMCs was enhanced by teniposide and etoposide ( Figure V in the online-only Data Supplement). In addition, Topo II inhibitors induce CETP expression to improve serum lipid profiles in CETP-transgenic C57BL/6 mice. 19 Therefore, Topo II inhibitors can have multiple antiatherogenic properties, particularly activation of cholesterol metabolism in multiple cell types or tissue.
In this study, we determined that teniposide not only inhibited the development of atherosclerosis but also reduced the established lesions ( Figure 1B and 1C) indicating the therapeutic potential of this agent. In addition, our results demonstrate that teniposide increased content of collagen or SMCs while inhibiting macrophage accumulation ( Figure 1E and 1F). Mechanistically, we determined that teniposide induced expression of COL1A2 (collagen type I alpha 2 chain) and COL3A1 (collagen type III alpha 1 chain) in HASMCs while inhibiting MMP13 (matrix metallopeptidase 13) expression in macrophages ( Figure VI in the online-only Data Supplement), which may explain increased collagen content in lesion areas.
As a well-defined anticancer medicine, teniposide or etoposide may cause some toxicities, such as weight loss, diminished food intake, leukemial, or other myelotoxicities in patients. In this study, we used teniposide at a low dose (0.5 mg/d per kg bodyweight, which is ≈1/5≈1/15 of the dose used in patients) and found no toxicity to animals. Compared with control mice, the animals receiving teniposide treatment for either 16 or 4 weeks did not show any differences in food intake, water consumption, or bodyweight gain. Serum aspartate or alanine aminotransferase levels and liver weight remained unchanged either (Table II in the online-only Data Supplement). These results suggest the high safety of teniposide use at a low dose for a long-term treatment.
Vascular calcification is a potent risk factor for plaque rupture. Clinically, it is also related to poor prognosis of atherosclerosis. 36 In this study, we found that Topo II inhibitors reduced atherosclerotic calcification (Figure 2A and 2B) . In vitro, we determined that teniposide inhibited CM or inorganic phosphate-induced HASMC calcification ( Figure 3A through 3D), which is associated with reduced ALP and RUNX2 expression ( Figure 3E through 3J)-2 critical molecules for calcification. Fortunately, inhibition of vascular calcification by the long-term teniposide treatment had no effect on bone structure ( Figure 2D through 2G) , indicating Topo II inhibitors regulate calcification in a tissue-dependent manner.
Vascular calcification is mainly caused by VSMC osteogenic differentiation. 37 Some pathways, such as Wnt, TGF-β, and BMP2, play an important role in VSMC osteogenic differentiation. 38, 39 In this study, we initially excluded the involvement of Wnt or TGFβ in teniposide-inhibited vascular calcification because Topo II inhibitors mildly activated, not inhibited, Wnt or TGF-β pathway ( Figure 4A ). In contrast, Topo II inhibitors reduced BMP2 expression and pi-Smad1/5/8 in HASMCs (Figure 4B and 4C ; Figure IVA in the online-only Data Supplement). Inactivation of BMP2 by teniposide reduced RUNX2 and ALP expression, but the reduction was impaired in cells transfected with BMP2 siRNA, indicating the action of Topo II inhibitors on vascular calcification is mainly completed by inactivating BMP2 ( Figure 4E ). More importantly, the inactivation of BMP2 pathway by teniposide was confirmed in vivo ( Figure 4F and 4G) .
The influence of p53 on atherosclerosis has been well documented. Deficiency of whole-body p53 expression enhances lesion development in apoE −/− mice, which is attributed to increased cell proliferation, not reduced cell apoptosis or serum cholesterol levels. 40 Macrophage p53 deficiency also increases atherosclerosis, which is associated with increased necrosis and reduced collagen deposition in lesions by regulating cell proliferation, not apoptosis either. 41, 42 Interestingly, deficiency of p21 expression-the target of p53-reduces lesions in apoE −/− mice by increasing apoptosis and reducing inflammation. Therefore, the antiatherogenic actions of p53 should be completed by multiple mechanisms. In this study, we observed that associated with reduction of lesions, teniposide reduced necrotic core area and increased collagen content in lesions ( Figure 1E ), which is in the line of p53 actions. Furthermore, we found that p53 expression was deeply involved in teniposide-inhibited vascular calcification, which can be correlated to activation of p53 expression by teniposide or etoposide 43 ( Figure 5A ). In contrast, p53 expression was reduced by association with vascular calcification ( Figure 5B ). In addition, inhibition of p53 expression by siRNA enhanced while high-expressing p53 blocked vascular calcification. More importantly, regulation of p53 expression by p53 siRNA or p53 expression vector greatly impaired effects of teniposide on vascular calcification and expression of calcification-related genes ( Figure 5E through 5J) , indicating p53 is a critical mediator for Topo II inhibitor-inhibited vascular calcification.
Among the miRNAs that can be regulated by p53, miR-203-3p can target RUNX2 to inhibit the traumatic heterotopic ossification because of the existence of an MRE in RUNX2 3′UTR. 35 In this study, we identified 2 putative MREs for miR-203-3p in BMP2 3′UTR ( Figure 6B ) indicating that BMP2 can also be a target of miR-203-3p and activated miR-203-3p by teniposide can function as a link between activated p53 and inhibited BMP2. Indeed, both teniposide and high-expressing p53 increased miR-203-3p levels in HASMCs ( Figure 6A ). Furthermore, miR-203-3p directly inhibited CM-induced expression of BMP2 and BMP2 downstream molecules, including pi-Smad1/5/8, RUNX2, and ALP, thereby reversing HASMC calcification. In contrast, inactivation of endogenous miR-203-3p by miR-203-3p antagomir had no effect while blocking the inhibitory effects of teniposide on vascular calcification and expression of related genes ( Figure 6E through  6G) . However, because of the high homology of MREs between BMP2 3′UTR and RUNX2 3′UTR, we are not able to rule out that miR-203-3p can directly target RUNX2. Based on the results in our study, we believe that it is possible miR-203-3p can target both BMP2 and RUNX2. BMP2 is the upstream regulator of RUNX2. Therefore, inhibited BMP2 expression by miR-203-3p can make substantial contribution to reduction of RUNX2 expression and nuclear translocation although miR-203-3p may have direct effect on RUNX2.
